A B S T R A C T Arterial-venous concentration differences for individual free fatty acids (FFA) were measured across the deep tissues of the forearm, the splanchnic vascular bed, and the kidney in healthy, postabsorptive subjects. In addition, arterial-portal venous FFA differences were determined in five patients undergoing elective cholecystectomy.
A B S T R A C T Arterial-venous concentration differences for individual free fatty acids (FFA) were measured across the deep tissues of the forearm, the splanchnic vascular bed, and the kidney in healthy, postabsorptive subjects. In addition, arterial-portal venous FFA differences were determined in five patients undergoing elective cholecystectomy.
The differences in fractional uptake among the individual FFA across the forearm were small and not statistically significant. Splanchnic fractional uptake was high for FFA with short chain lengths and rose with increasing degree of unsaturation. Small, negative arterial-portal venous differences for individual FFA were observed, indicating that arterial-hepatic venous FFA differences mainly reflect hepatic uptake. When the arterial FFA concentration was reduced to approximately 25% of the control values by the administration of nicotinic acid, net uptake of total FFA ceased but there was release of stearic acid and uptake of lauric, myristic, and palmitoleic acid to the splanchnic region. Muscle and liver uptakes of individual FFA were both dependent on their arterial concentrations with the exception of the splanchnic uptake of stearic acid. There was no uptake of free arachidonic acid by either muscle or liver, nor was there significant uptake of any of the free fatty acids by the kidney. It is concluded (a) that there are important quantitative differences between the net exchanges of individual FFA across the splanchnic vascular bed, (b) that tracer studies of FFA metabolism require the determination of individual FFA specific activities, (c) that palmitic and oleic acid appear to be suitable tracers for the entire FFA fraction in most instances.
INTRODUCTION
The free fatty acid (FFA)1 fraction in plasma is made Received for publication 9 March 1972 and in revised form 11 May 1972 . 1 Abbreviations used in this paper: A-DV, arterial-deep venous; A-HV, arterial-hepatic venous; A-RV, arterialrenal venous; ESBF, estimated splanchnic blood flow; FFA, free fatty acid; NA, nicotinic acid. up of both saturated and unsaturated fatty acids of varying chain lengths and the concentration of each acid is determined by the balance between its release from adipose tissue and its uptake in various FFA-utilizing organs. Studies both in vitro and in vivo have indicated that the fatty acids differ in their rate of release from adipose tissue, the rate rising with decreasing chain length and increasing unsaturation (1, 2) . Their uptake in several tissues in man has likewise been found to differ (2-6). Such differences in individual FFA turnover are of interest not only with regard to the mechanisms involved in uptake and metabolism, but also in view of the widespread use of a single labeled FFA as a tracer for the entire plasma FFA fraction in studies of regional or whole-body FFA metabolism.
The present study was undertaken to characterize further the net uptake of individual FFA by skeletal muscle and liver, the two major sites of FFA removal in the postabsorptive state. The concentrations of individual FFA were determined by gas chromatography in repeated samples from a deep forearm vein, draining almost exclusively muscle, a hepatic vein, and an artery. In addition, arterial and portal venous concentration differences for FFA were examined in subjects undergoing elective cholecystectomy, to evaluate the influence of splanchnic extrahepatic tissues on net splanchnic FFA uptake. The splanchnic uptake of FFA was further studied at low arterial concentrations induced by the administration of nicotinic acid. Finally, the FFA exchange across the kidney was examined in one subject. METHODS Subjects. Healthy male volunteers (mean age 29 yr, range 21-57 yr) ingesting a mixed diet were studied in the overnight fasted state. In addition, five patients (four female and one male, age 32-50 yr) undergoing elective cholecystectomy were studied during the surgical procedure.
No special dietary regimen was applied.
Procedure. Teflon catheters were inserted percutaneously into a deep forearm vein in the retrograde direction (7) with indocyanine green dye. These 11 subjects were all restudied on another occasion, when blood samples were obtained from a hepatic vein and an artery after the repeated administration of nicotinic acid (NA) during a 1 hr period. The total dose of NA was 1.6 g, 1 g being given intravenously and 0.6 g perorally.
In one additional subject, a Goodale-Lubin catheter was positioned in a right-sided renal vein and catheters were inserted percutaneously into a brachial artery and an antecubital vein. A continuous infusion of albumin-bound oleate-4C (0.6 usCi/min, New England Nuclear Corp., Boston, Mass.) was given intravenously. Starting after 30 min of infusion, four blood samples were obtained during a 30 min period from the artery and the renal vein.
In the five cholecystectomy patients a brachial artery catheter was introduced just prior to the surgical procedure. Halothane and pentobarbital anesthesia was given. After exposure of the portal vein a direct puncture was made and blood samples were collected simultaneously from the portal vein and the brachial artery. All catheters were kept patent by intermittent flushing with saline without added heparin.
All volunteers and patients were informed of the nature of the study and the risks involved before giving their consent.
Methods. The plasma concentrations of individual FFA were determined using a gas chromatographic method (8, 9) . Radioactivity in the FFA fraction was measured as described elsewhere (6) . Indocyanine green dye was determined spectrophotometrically at 805 nm in serum samples. Standard statistical methods were employed (10) using the paired t test when applicable.
RESULTS
The arterial concentrations of individual FFA and the arterial-deep venous (A-DV) concentration differences across the forearm are given in Table I . There were significant uptakes to the forearm deep tissues for all FFA except for arachidonic acid. The FFA uptake was positively related to the arterial FFA concentration. The fractional uptake (the [A-DV] difference divided by the arterial concentration) did not differ significantly among the acids showing a significant net uptake. The corresponding data for arterial and hepatic venous FFA concentrations are presented in Table II . Significant arterial-hepatic-venous (A-HV) concentration differences were present for all FFA except for arachidonic acid. The fractional uptakes of lauric, myristic, and palmitoleic acid were higher and that of stearic acid was lower than those of the other FFA (P < 0.01, Fig. 1 ). The regressions of (A-HV) differences on arterial concentrations were significant for all acids except stearic and arachidonic acid. The estimated splanchnic blood flow (ESBF) was 1408±135 (mean-sn) ml/min. There was no correlation between ESBF and the fractional uptake of FFA (r= 0.06).
When the same subjects were restudied after receiving nicotinic acid (NA), the arterial concentration of FFA averaged about 25% of the concentration on the previous occasion (Table III) . The concentrations of the individual FFA were all significantly lower after NA (P < (Table IV) . Significant positive (A-HV) concentration differences were observed for, lauric, myristic, and palmitoleic acid after NA, while there was a net release of stearic acid from the splanchnic area (Table III) . For the other FFA (as well as for total FFA) the mean (A-HV) differences did not differ from zero. However, significant regressions of (A-HV) corresponding arterial differences on arterial concentrations were observed for all acids except arachidonic acid. This regression for total FFA is shown in Fig. 2 . The regression line intercepts the x axis at a concentration of about 130 ,Lnoles/ liter, which differs significantly from zero (P < 0.05).
The corresponding intercepts for the regression lines of the individual acids are also given in Table III .
There was a wide range of FFA levels in the five patients in whom arterial and portal venous samples were obtained during surgery (Table V) . On the average, Probability that the A-HV difference, the regression coefficient, and the x intercept do not differ from zero. § Regression coefficient and x intercept for the regression of A-HV difference on the corresponding arterial concentration.
I i Data are given as mean ±SE, n = 11.
there was a small net release of FFA from the extrahepatic splanchnic tissues, but none of the arterialportal venous concentration differences deviated significantly from zero.
The arterial-renal venous (A-RV) concentration differences of FFA were small (Table VI) and none of them differed significantly from zero. The (A-RV) differences for oleate-"C were all less than 5% of the arterial level, two being positive and two negative.
DISCUSSION
The arterial-venous concentration difference of plasma FFA across the forearm reflects the combined effects of $ Data are given as mean 5sE, n = 11.
simultaneous uptake and release of FFA (11, 12) . The observed net uptake of 20% of the arterial FFA in the present study is therefore an underestimation of the total FFA uptake. Higher values for the fractional uptake of FFA by resting muscle have been observed in the forearm during inhibition of lipolysis by intraarterial administration of insulin (11) and in the leg using radioactive tracer FFA (13, 14) . The observed (A-DV) concentration differences nevertheless indicate that the net exchange of FFA during passage through the forearm muscle is quite similar for each of the individual FFA, except that there is no net exchange of arachidonic acid. The liver, unlike muscle, does not appear to release FFA into the circulation since the chemical portalhepatic venous differences agree with those obtained using a radioactive tracer (15) . The (A-HV) FFA dif- (Table V) and does not influence the fatty acid composition of portal venous FFA. Since the arterial FFA levels in these patients were the same as in the group in which the (A-HV) differences were measured, there is no reason to believe that omental FFA release could have been underestimated. It is thus concluded that in the present study (A-HV) differences measure mainly hepatic uptake and probably slightly underestimate this.
The observed splanchnic uptake of 37% of the arterial FFA is similar to that observed earlier in dogs (15) (16) (17) and in humans (5) . The dependence of hepatic uptake on arterial concentration has also been observed in the dog (18) and in the isolated perfused rat liver (19) . In contrast to the findings for muscle, considerable differences were noted in the fractional uptake of individual FFA in the splanchnic area. Nestel (20) observed that the fractional turnover rate of linoleic acid in man exceeds that of palmitic acid and similar studies in the rat (21) (22) (23) (24) (25) have shown that, compared to that of palmitic acid, the turnover rates of lauric, myristic, palmitoleic, and linoleic acids are higher and that of stearic acid lower. The turnover rates of the individual FFA thus seem to vary in the same order as their fractional splanchnic uptake (Fig. 1) . The latter rose with decreasing chain length and increasing unsaturation-as observed previously in two individuals (5)-and it is noteworthy that similar differences between the individual acids have been observed with regard to their respective rates of release from adipose tissue in vitro (1) . The present results indicate that this pattern of preferential release of short-chain and unsaturated acids from adipose tissue is also present in vivo. The percentages of lauric and myristic acids, for instance, are higher in plasma FFA than in adipose tissue despite the fact that these acids are removed from the plasma by the liver more than twice as effectively as the average FFA. The differences in turnover among the FFA thus seem to be determined mainly by the adipose tissue and the liver, both organs showing a preference for short-chain and unsaturated acids.
When the arterial FFA concentration was lowered by the administration of NA, the hepatic uptake of total FFA decreased to insignificant values, but significant uptakes were still found for lauric, myristic, and palmitoleic acid, while stearic acid was released from the splanchnic area. The regression of (A-HV) differences on arterial concentrations was significant for all FFA except arachidonic acid. Thus, the uptake did not decrease to zero but changed into a release at the threshold concentrations given by the x intercepts of Table III . This release of fatty acids probably comes from the liver since it is not likely to derive from adipose tissue in the splanchnic region. Adipose tissue contains almost 10 times as much oleic as stearic acid (26) and releases oleic acid preferentially, whereas in the present study stearic acid was preferentially released from the splanchnic region.
The administration of NA had a profound effect on the fatty acid composition of the plasma FFA fraction. The percentages of the monounsaturated acids decreased, while those of palmitic, stearic, and linoleic acid increased. Decreasing plasma FFA by means of glucose (25) (26) (27) (28) or glucagon administration (29) had similar effects on the fatty acid composition. The concentration of arachidonic acid was unaffected by NA administration, in accordance with observations in the rat (30) . Studies on the fatty acid composition of plasma FFA during experimentally induced changes in total FFA have led to the suggestion that part of the plasma FFA derives from pools other than adipose tissue triglycerides (27) (28) (29) . The present results on (A-HV) FFA differences after NA show that at low FFA levels the liver may contribute to plasma FFA, at least to the concentration of stearic acid, which is relatively high in this situation.
Earlier studies in dogs (31) have indicated that the kidneys do not take up FFA from the circulation, with the possible exception of a small palmitic acid uptake. These observations were confirmed for man in the experiment with renal venous catheterization. No consistent (A-RV) differences were found and this was not due to a simultaneous uptake and release of FFA since the specific activity of oleate was the same in the artery and the renal vein. These results make it unlikely that the kidneys consume quantitatively significant amounts of plasma FFA. However, the possibility cannot be excluded that circulating FFA are of importance for the intermediary metabolism of the kidneys, since with the high renal blood flow even the observed (A-RV) FFA difference of 8 /hmoles/liter-although not statistically significant-could indicate a not inconsiderable net FFA uptake.
Stearic acid differed from the rest of the FFA in that its small hepatic uptake was independent of its arterial concentration. Similar results were obtained by Trout and Estes (32) in rats, no consistent relationship being found between the FFA levels and the fraction of injected stearate-1-'4C appearing in the livers. The myocardial uptake of stearic acid has also been shown to be independent of its arterial concentration (4). The percentage of stearic acid in plasma FFA is about twice that in adipose tissue (9, 26) and this difference may be explained at least in part by the low hepatic and myocardial removal of this acid from the plasma FFA.
Plasma free arachidonic acid has an exceptional position among the FFA. Its concentration has been shown to be independent of the total FFA level (9 These results from tracer experiments will accordingly provide information only about the metabolism of an individual FFA and we are faced with the problem of how to render the data as general as possible without having to introduce multiple tracers, which tend to raise methodological complications. The characteristics of a suitable single FFA tracer should be that it is present in a high concentration in the plasma FFA fraction and that its metabolic behavior is as close as possible to the average plasma FFA. Oleic and palmitic acid seem to fulfill these requirements. They are the acids present in the highest concentrations in the plasma FFA and their fractional uptakes in both muscle and liver are the same as that of total FFA. Oleic acid has the additional advantage that its muscle uptake is also representative of that of total FFA during exercise (6) .
